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High-efficiency photon–electron coupling resonant emission in
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Resonance effects caused by the photon–electron interaction are a focus of attention in semiconductor optoelectronics,
as they are able to increase the efficiency of emission. GaN-on-silicon microdisks can provide a perfect cavity structure
for such resonance to occur. Here we report GaN-based microdisks with different diameters, based on a standard blue
LED wafer on a Si substrate. A confocal photoluminescence spectroscopy is performed to analyze the properties of all
microdisks. Then, we systematically study the effects of radial modes and axial modes of these microdisks on photon–
electron coupling efficiency by using three-dimensional finite-difference time-domain simulations. For thick microdisks,
photon–electron coupling efficiency is found to greatly depend on the distributions of both the radial modes and the axial
modes, and the inclined sidewalls make significant influences on the axial mode distributions. These results are important
for realization of high-efficiency resonant emission in GaN-based microcavity devices.
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1. Introduction
The modulation of photons is an important field in semi-

conductor optoelectronics. The high-intensity photon distri-
bution can be obtained from the highly localized light field in
optical microcavities, which further induces strong photon–
electron interactions. Optical microcavities have a variety
of applications, such as light resonant emission, light trans-
portation, light detection and light coupling.[1–4] Whispering
gallery mode (WGM) optical microcavities, where the pho-
ton localization is formed by total internal reflection, have the
highest optical feedback efficiency.[5]

GaN and its group-III nitrides are typical wide bandgap
semiconductor materials. The microdisks based on group-III
nitrides exhibit efficient blue-UV luminescence capability. In
2006, Choi et al. first fabricated GaN-based microdisks on
Si substrates successfully.[6] The GaN-based microdisks, stor-
ing optical energy in the small cavity volume,[7] can provide
low threshold, high quality (Q) factor and narrow resonance
line width lasing.[8–10] In addition, the GaN-on-Si microdisks
allow the formation of undercut structure by isotropic wet
etching,[11,12] which makes the fabrication process simple and
economical. The removal of Si substrates can form an atom-

ically smooth bottom surface of the disk, which enhances the
level of light field confinement of the microcavity. Moreover,
the microdisks on Si substrates can be potentially used to inte-
grate with Si electronics.

It is normally considered that the ideal microdisks should
have the following characteristics: (1) the diameter must be
small enough to reduce optical loss during the light propa-
gation, and (2) the microdisks must be thin enough to con-
centrate the light field in the active region for high electron-
photon coupling efficiency. However, the story seems differ-
ent in the GaN-on-Si microdisks. In order to obtain high Q
factor lasing, some researchers have been striving for ultra-
small microdisks.[13,14] For ultra-small microdisks, the spa-
tial spread of the optical modes into the surrounding beyond
the physical boundaries results in low overlap between opti-
cal field and active region.[15] In addition, the radiation loss
increases exponentially with the decreasing diameters.[16] As
GaN-based materials are mostly obtained by heteroepitaxial
growth, a large number of defects are generated at the epi-
taxial layer and substrate interface. The epitaxial layer must
be thick enough to reduce the defect density, which is much
larger than λ/n. Thus, the GaN-based microdisks are always
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considered as thick disks. Conventional thin microdisks are
relatively insensitive to axial dimension as the thickness of the
microdisks is less than λ/n. In the case of the GaN-based mi-
crodisks, the influences of axial modes cannot be ignored. The
influences of axial mode distributions on photon–electron cou-
pling efficiency in thick GaN-based microdisks have not been
investigated in detail, although thick microdisks are more suit-
able for the device working under electric injection in practical
application.

In the present work, based on GaN-on-Si blue LED wafer,
we fabricated circular microdisks with different diameters by
photolithography and dry etching techniques. Scanning elec-
tron microscopy (SEM) was used to observe the morphology
of microdisks, and confocal photoluminescence (PL) spec-
troscopy was performed to measure the optical properties of
the microdisks. We systematically studied the influences of
diameter and inclined sidewalls of the microdisks on electric
field distributions and photon–electron coupling efficiency by
three-dimensional finite-difference time-domain (3D-FDTD)
simulations.

2. Experimental details
A standard GaN-on-Si blue LED wafer is used to fab-

ricate the microdisks. The blue LED wafer consists of a
1.5 µm AlGaN buffer layer, a 1.5 µm n-GaN layer, 6 pairs
of InGaN/GaN MQWs, and a 200 nm p-GaN layer. The to-
tal thickness is approximately 3.34 µm, which is one of the
thickest microdisk structures. The diameters of the fabricated
microdisks are 3.3 µm, 8 µm, and 18 µm, respectively. The
use of standard LED epitaxial wafer provides convenience for
electrically pumped lasing and commercial applications. The
fabrication of the microdisks based on LED wafer has practi-
cal significance.

The fabrication procedure is as follows: Firstly, a 200 nm
SiO2 film is deposited by plasma enhanced chemical vapor de-
position (PECVD), acting as a hard mask. Then, the SiO2 film

is patterned by photolithography. After that, RIE etching is
used to etch the SiO2 hard mask and ICP dry etching is used
to form the disks. In order to obtain high quality microcavi-
ties, especially in terms of the smooth sidewall, we optimize
the dry etching recipes to improve the etching morphology.
The specific parameters are as follows: gas flow of Cl2/BCl3
is 48/6 sccm, RF/ICP power is 100/600 W, the chamber pres-
sure is 10 mTorr. Finally, the sample is immersed in an HNO3,
HF and H2O isotropic etchant to form the undercut structure.

Confocal Renishaw invia-reflex micro-photoluminescence
(µ-PL) system is applied to measure the PL spectra of the
microdisks. The laser beam is focused on surface of the mi-
crodisk through a microscope objective and the emission is
collected by the same lens. The excitation source is a mode-
locked Ti:sapphire pulsed laser with a pump wavelength of
375 nm, pulse width of 115 fs and repetition rate of 76 MHz.
All measurements are performed at room temperature.

3. Results and discussion
The SEM images of the microdisks with different diam-

eters are shown in Fig. 1. From Fig. 1, all microdisks show
smooth morphology for outer surfaces, especially the side-
walls. Some surface contaminants can be seen in Fig. 1(b),
which are residues from the final solution cleaning step. A
large air gap between the microdisk and the Si substrate has
been achieved by wet etching, which ensures that there is no
damage to bottom surface of the microdisk. Due to the large
air gap and smooth outer surface, the light can be effectively
confined in the microdisk. A small inclination angle of the
sidewalls of 2.5◦ from vertical can also be seen in all the sam-
ples. Obviously, the inclination angle plays an important role
on the light confinement in the microdisk, which will be dis-
cussed in the last part of this paper. Thus, the smooth surface
morphology and the undercut structure can support detailed
and accurate study of the optical properties in GaN-based mi-
crodisks.

(a)

1 mm

(b)

1 mm

(c)

2 mm

Fig. 1. Side-view SEM images of microdisks with the diameters of (a) 3.3 µm, (b) 8 µm, and (c) 18 µm.

The room-temperature PL spectra of 3.3 µm, 8 µm and
18 µm microdisks are shown in Fig. 2. It is well known
that the effect of the surface defects is more serious at room
temperature than that at low temperature, so the differences
in room temperature PL are more obvious for the microdisks

with different diameters. For all the samples, only the broad
spontaneous emission spectra are observed at the lower pump
power. When the pump power exceeds a threshold, clear and
sharp peaks appear, although the broad spontaneous emission
still gives a high background intensity. There is an obvious
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blue shift of the spontaneous emission peak with the increase
of pump power, which is the typical behavior of spontaneous
emission. On the other hand, there is no shift in wavelength
of these sharp peaks with the increase of pump power, which
is the typical behavior of resonant emission. The integrated
intensity verse pump power is plotted in Figs. 2(b), 2(d), and
2(f). All the curves show clear kinks, which confirms the tran-
sition from spontaneous radiation to resonant emission. The
threshold is identified as the kink of the curve. The three mi-
crodisks show different thresholds: 0.085 mW for 3.3 µm mi-
crodisk, 3.581 mW for 8 µm microdisk, and 7.146 mW for
18 µm microdisks. The threshold increases with the increase
of the diameter. Although the resonant peaks are unclear, the
3.3 µm microdisk has the lowest threshold as it has the small-
est diameter. Comparing the three samples, the PL spectra
of the 8 µm microdisk show the sharpest resonant emission

peaks.
Next, 3D-FDTD is performed to study the electric field

distributions of the 3.3 µm, 8 µm, and 18 µm microdisks. In
the FDTD simulations, the distributions of the transverse elec-
tric (TE) modes are investigated. Radial electric field profiles
of the dominant resonant peaks in the PL spectra of these three
microdisks are shown in Fig. 3. The radial electric field profile
at 443.7 nm of 3.3 µm microdisk is shown in Fig. 3(a). The ra-
dial mode is the first-order WGM in terms of radial mode num-
ber. The first-order WGM is confined along the edge of the
microcavity, which shows high intensity in the outer 400 nm
of the microcavity. The third-order WGM at 439.8 nm of the
8 µm microdisk is shown in Fig. 3(b). The 24th-order WGM
at 446.1 nm of the 18 µm microdisk is shown in Fig. 3(c).
This high-order WGM is concentrated near the center of the
disk and shows a larger electric field distribution area.
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Fig. 2. Photoluminescence spectra of the microdisks with the diameters of (a) 3.3 µm, (c) 8 µm and (e) 18 µm with the increase of pump power
at room temperature. Integrated PL intensity versus pump power for (b) 3.3 µm microdisk, (d) 8 µm microdisk and (f) 18 µm microdisk.
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Fig. 3. Radial electric field profiles (|E|2) of (a) 3.3 µm microdisk at 444 nm, (b) 8 µm microdisk at 440 nm and (c) 18 µm microdisk at 446 nm.
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Normally, the first-order WGMs are preferentially excited
by the pump power. However, the first-order WGMs in GaN-
based microdisks are considered as high-loss modes.[14] GaN-
based microdisks are usually fabricated by dry etching, which
causes unavoidable surface damage and surface defects. The
diffusion length of the electrons in GaN-based materials has
been reported to be about 400 nm.[17,18] The carriers gener-
ated within 400 nm of the sidewalls have a high possibility
of being captured by the surface defects before coupling with
the first-order WGM. Thus, the first-order WGM at 443.7 nm
in GaN-based microdisks has low photon–electron coupling
efficiency. The 24th-order WGM in 18 µm microdisk is con-
centrated near the center of the disk, which may cause higher
optical loss from the underlying post. Moreover, the larger
distribution area of the electric field reduces the electric field
intensity, which leads to lower photon–electron coupling effi-
ciency. The third-order WGM is less affected by the sidewalls
and underlying post. The relative small distribution area of
the electric field increases the electric field intensity. There-
fore the third-order WGM at 439.8 nm in 8 µm microdisk
has higher photon–electron coupling efficiency and shows the

sharpest resonant emission peak.
It should be noted that the thickness of the fabricated mi-

crodisks is much larger than λ/n, so the influence of axial
mode on photon–electron coupling efficiency cannot be ig-
nored. The axial electric field distributions of these thick mi-
crodisks with vertical sidewalls are simulated by 3D-FDTD.
The axial electric field profiles of the 3.3 µm, 8 µm, and
18 µm microdisks are shown in Figs. 4(a)–4(c), respectively.
The second-order standing-wave modes can be clearly dis-
cerned from the electric field profiles of 3.3 µm (Fig. 4(a))
and 18 µm (Fig. 4(c)) microdisks. The electric field profile
of 8 µm microdisk (Fig. 4(b)) shows the third-order standing-
wave mode. The axial modes have great effect on the cou-
pling between active region and electric field. As shown
in Fig. 4(b), the strongest intensity of electric field overlaps
more with the MQWs, which is very important to obtain high-
efficiency photon–electron coupling. The efficient photon–
electron coupling further results in high-efficiency resonant
emission. Therefore, the photon–electron coupling efficiency
is affected by both radial modes and axial modes, which is
completely different from the case of thin microdisks.
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Fig. 4. Axial electric field profiles (|E|2) of (a) 3.3 µm microdisk, (b) 8 µm microdisk, and (c) 18 µm microdisk with vertical sidawalls.
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Fig. 5. Axial electric field profiles (|E|2) of (a) 3.3 µm microdisk, (b) 8 µm microdisk, and (c)18 µm microdisk with inclination angles of 2.5◦.
Axial electric field profiles (|E|2) of (d) 3.3 µm microdisk, (e) 8 µm microdisk, and (f) 18 µm microdiskwith inclination angles of 5◦.
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The SEM images of the fabricated microdisks show a
small inclination angle of the sidewall of 2.5◦ from verti-
cal. The inclined sidewalls are very common in thick mi-
crodisks, and the influences of the inclined sidewalls must be
considered. Additional 3D-FDTD simulations have been per-
formed on these three microdisks with inclination angles of
2.5◦ and 5◦, and the axial electric field profiles are shown in
Fig. 5. From the axial electric field profile of 3.3 µm mi-
crodisk with 2.5◦ inclination angle, it can be seen that the
electric field is pronouncedly confined to the bottom of the
n-GaN (Fig. 5(a)). This phenomenon is rather noticeable for
the 3.3 µm microdisk with 5◦ inclination angles (Fig. 5(d)).
For 8 µm (Fig. 5(b)) and 18 µm (Fig. 5(c)) microdisks with
the inclination angle 2.5◦, the inclined sidewalls make no sig-
nificant effect on axial electric field distributions. As the in-
clination angle increases to 5◦, the electric field is confined to
the bottom of the n-GaN of the two microdisks (Figs. 5(e) and
5(f)). Moreover, the electric field intensity becomes weaker as
the inclination angle increases. The inclined sidewalls confine
the axial electric field to the bottom of the n-GaN and cause a
lower coupling between MQWs and axial electric field. For
thick microdisks with inclined sidewalls, the optical modes
helically propagate upwards in the resonators. These helical
modes have strong radial components, resulting in WGMs.
These helical modes also have strong axial components, re-
sulting in axial standing-wave modes. At a certain height, the
smaller diameter on the upper part of the microdisk cuts off the
net propagation of the mode in the axial direction and reflects
it downwards.[19] Thus the axial modes are confined to the bot-
tom of n-GaN. The larger the inclination angle, the shorter the
axial propagation distance of the mode. Compared with 8 µm
and 18 µm microdisks, the helical modes in 3.3 µm microdisk
have weaker longitudinal wave-vector components. Thus the
axial modes of 3.3 µm microdisk are less resonant.

Normally the microdisks with smaller diameter are con-
sidered as the promising candidates for resonant emission.
However, the case is different for thick microdisks. According
to Fig. 5(a), the axial electric field of the 3.3 µm microdisk
with 2.5◦ inclination angle has little overlap with MQWs.
Thus, the 3.3 µm microdisk has lower photon–electron cou-
pling efficiency. This is another reason for the weaker resonant
emission peaks in the PL spectra of the 3.3 µm microdisk. For
the 8 µm microdisk with the 2.5◦ inclination angle, the axial
electric field still overlaps with the MQWs. Thus, the 8 µm
microdisk has higher photon–electron coupling efficiency and
shows sharper resonant emission peak. Although the electric
field distribution of 18 µm microdisk with 2.5◦ inclination an-
gle is not affected by the inclined sidewalls, the higher-order
WGM prevents the improvement of resonant efficiency.

4. Conclusions
In summary, the mode distributions and phto-pump emis-

sion spectra of GaN-based microdisks on Si have been sys-

temically investigated. From the experimental results and the-
oretical calculations, three important rules can be concluded.
Firstly, the photon–electron coupling efficiency in GaN-based
microdisk is decided by both the radial modes and the axial
modes. Secondly, the inclination angles of sidewalls make sig-
nificant influences on the axial mode distributions. Thirdly, the
GaN-based microdisks with small diameter (e.g., 3.3 µm) have
lower photon–electron coupling efficiency because they are
easier to be affected by surface defects and inclined sidewalls.
The experimental results and simulated calculations clarify
that there is an optimum GaN-based microdisks controlled by
the diameter to obtain high-efficiency photon–electron cou-
pling. WGM of the optimum microdisk should be confined
in the region slightly away from the edge, not less than the
carrier diffusion length. The axial electric field of the opti-
mum microdisk is less affected by inclined sidewalls and has
more overlap with the MQWs. In this work, the optimum disk
diameter is 8 µm. We believe that our work provides a clear
physical understanding to improve photon–electron coupling
efficiency in GaN-based microdisks, which is of great signifi-
cance in realizing high-efficiency GaN-based microcavity de-
vices.
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